ABSTRACT: Analyzing sequence variants of two divergent and highly inbred Fayoumi and Leghorn chicken lines allows for examination of the genomic factors underlying phenotypic dissimilarity between breeds. Pooled resequence data using sixteen birds per breed were analyzed to characterize the genetic differences inherent in the two breeds. Downstream analysis by F ST to discern population differences and subsequent GSEA elucidated major genetic differences between the two lines. Gene ontology annotations for over-enriched terms for Fayoumi and Leghorn related to breed-characteristic traits of pathogen resistance and reproductive ability when examined for between and within line variants, respectively. Ontology terms having the highest level of differentiation between the lines appear to group into metabolic processes, with GO terms over-enriched for immune system process, sexual reproduction, and growth. Variant analysis of the lines elucidated GO functions indicative of breed-predominant phenotypes.
Introduction
The onset of new and more powerful next generation sequencing technologies has given researchers the ability to generate massive molecular data sets from individual samples. Discovery and analysis of variants within and between groups of individuals helps define the genetic differences underlying phenotypes or morphology. In this study, we characterize genetic variation within and between two highly distinct inbred chicken lines. Use of resequencing data from within-line pooled samples effectively characterizes genetic variation within populations, as well as accurately estimating allele frequencies in these populations; it also has multiple advantages (Futschik and Schlötterer (2010) ), including cost-effectiveness and accuracy. This approach has been used to conduct association studies with phenotypes of interest or identify signatures of selection (Lindblad-Toh et al. (2005) ; Karlsson et al. (2007) ). Resequencing data can also be used to analyze evolutionary changes and discover phylogenetic relationships of divergent members of a species (Rubin et al. (2011); Li et al. (2013) ). The objective of our study was to discover variants to define genomic architecture and line-specific differences of highly inbred Leghorn and Fayoumi chicken breeds. The analysis focused on fixed, line-specific alleles that were different than the Red Jungle Fowl reference sequence.
Materials and Methods

Animals.
Chickens from the Iowa State University Fayoumi and Leghorn experimental chicken lines were used for this study. These birds were extremely inbred, with over 70 generations of sib mating. Sixteen birds per line were used for the pooled resequencing of DNA. These Fayoumi and Leghorn lines broadly represent a divergent history of natural selection for disease resistance and artificial selection for reproduction, respectively (Zhou et al. (2007) , Kaiser et al. (2006) ).
Alignment and mapping. The steps used to align sequence data to the Red Jungle Fowl (RJF) reference genome were the same for the Leghorn and Fayoumi, as well as, the comparison of the Fayoumi to the "Leghornized" de novo reference genome created for head to head SNP comparison between the two lines. Resequence data for each individual breed was aligned to the RJF reference genome with BWA BWA (BurrowsWheeler Alignment Tool) (Li and Durbin (2010) ). Samfiles were then converted to BAM files and sorted with Samtools (Li (2009) ). The files for both lines were then corrected for any errors that resulted from file conversion using Picard (http://picard.sourceforge.net) prior to variant analysis. The "Leghornized" reference is a de novo reference created by replacing the RJF reference alleles with the SNPs from the Leghorn variant call file.
Variant discovery and functional annotation. Single nucleotide polymorphisms and indels were called with the GATK unified genotyper tool, which generated a VCF file (McKenna et al. (2010) , DePristo et al. (2011) ). Gene annotation and prediction of functional consequences analysis was done with SnpEff (Cingolani et al. (2011) ). Fixation index (F ST ) analysis was performed using Popoolation2 (Kofler et al. (2011) ). The F ST analysis allowed for measurement of the genetic differentiation between populations.
Gene Set Enrichment Analysis. GSEA was performed with DAVID (Huang et al. (2009) ) and (GO)TermFinder (Boyle et al. (2004) ). Visualization of GSEA results was done with ReVigo (Supek et al. (2011) ).
Results and Discussion
Between line variation. Residual heterozygosity is the percent of loci with alleles that are still segregating in the population after periods of inbreeding, which increases homozygosity. The lines studied had a residual heterozygosity of approximately 0.05% within each line. The Fayoumi and Leghorn pooled sequence data was compared against the RJF reference to call all possible SNPs and indels present in the populations. Analysis of the Fayoumi vs. RJF identified 4,462,467 variants after filtering for quality of 50 or greater, depth across samples and minor allele frequency of 2. 1,238,884 variants (27.8%) have been previously deposited in dbSNP. Therefore, 3, 223, 583 variants (72.2%) were novel and appeared within the Fayoumi experimental line. Similar results were obtained in the analysis of the Leghorn vs. RJF. 4,605,732 variants were discovered of which 3,287,720 were novel. We also examined the number of variants in each population by SnpEff categories of "effects by type" and "effects by region". There was a significant difference in the number of variants that affected processes either upstream or downstream of their location. We uncovered a total of 2,052,537 variants that were unique to Fayoumi and 2,196,553 unique to Leghorn. To examine differences and similarities between the inbred populations of Fayoumi and Leghorn chickens, an F ST analysis was conducted with Poopolation2, which utilized the Karlsson F ST method (Karlsson et al, (2007) ). Using the F ST analysis to compare the lines generated a list of genes with F ST values of 1 in which the structure of the two lines differed the most (i.e. were fixed in one line and not the other). Analysis of the genes fixed within line in DAVID indicated that the two lines mainly differed in nucleoside and nucleotide binding, catalytic activity, and ATP usage (adj p < 0.05). The DAVID output was processed in ReVigo to identify additional unique overrepresented GO terms. GO annotations emerged for population-level differences in the variants that each breed used to drive various processes. Annotations for immune system processes, response to stimulus, and metabolic processes (adj p value < 0.05) were overrepresented terms that emerged from the GSEA. Previous studies indicate these ontology terms are consistent with phenotypic attributes of the Fayoumi breed (Pinard-van der Laan et al. (2009), Kaiser et al. (2006) ). Other over-represented ontology terms identified the F ST and GSEA analysis included: biological adhesion, developmental process, anatomical structural development and growth (adj p value < 0.05) were overrepresented in Leghorns, which may be associated with their history of selection for egg production (Goraga et al. (2012) , Zhou et al. (2007) ).
Within line variation. Examination of within line variation for the Fayoumi and Leghorn lines focused on the comparison of the predicted SNP effects determined by SnpEff during variant annotation. The Fayoumi breed phenotype is considered immune related for the purposes of this study. The ontology terms FN3, fibronectin, type III, and PTPc reached statistical significance (adj p value < 0.05) in Fayoumi (Table 1) . FN3 and fibronectin, type III are multidomain glycoproteins found in connective tissue that have a protein-binding function which allows them to bind to multiple biological substances such as actin and DNA. Important binding functions for human fibronectins have involved wound closing, cell adhesion, and blood coagulation (Dean et al. (1987) ). Fibronectins are structural proteins that are "subject to high selective pressure" (Schwarzbauer et al. (1983) ). Genes annotated with the term fibronectin include LEPR (leptin receptor), which is part of the cytokine, adipocytokine, and JAK-STAT signaling pathways that play a part in inflammatory responses to pathogens, as well as angiogenesis and cellular repair processes. Leptin receptor expression has been associated with ovarian follicle formation in breeder hens (Cassey et al. (2004) ). Within-line analysis of the Leghorn variants that differ from the RJF reference, but fixed and unique to this inbred line, revealed categories possibly related to reproductive phenotypes. GSEA analysis of the moderate impact variants (ie. codon_change, codon_insertion) from this list gave statistically significant results (adj p value < 0.05) for the GO terms cell division, calcium ion binding, phospholipid activity and many extracellular matrix annotations, which are processes involved in egg production (Wong et al. (2007) ). Possibly, variants in these gene clusters are tolerated and may represent sets of diversification/improvement alleles. GO terms for extracellular matrix had the highest enrichment score for the moderate impact variants within Leghorn. Genes of interest under the extracellular matrix ontology term include TIMP2 (TIMP metallopeptidase inhibitor 2) an inhibitor of metalloproteinases that degrade the extracellular matrix and also acts as an agent of suppression on endothelial cell proliferation (Jonchère et al. (2010) Conclusion Pooled resequencing was a useful technique that generated estimates of the allele frequencies and variant position within each line. It allowed for separation of the fixed and segregating alleles within the population that were both unique and shared by both breeds. By comparing data to categories of characteristic phenotypes for each population (Fayoumi = immune traits, Leghorn = reproductive traits), the study elucidated GO functions indicative of these breed-predominant phenotypes. Fayoumi had a higher percentage of heterozygous variants than Leghorn within line. Major genetic differences found between breeds by F ST and subsequent GSEA analysis was indicative of functions that showed the highest level of differentiation between the lines. Over-enriched terms included processes such as immune system process, sexual reproduction, and growth. Taken as a whole, the data Variant analysis of the lines elucidated GO functions indicative of breed-predominant phenotypes.
